Microtubules (MTs) in newt mitotic spindles grow faster than MTs in the interphase cytoplasmic microtubule complex (CMTC), yet spindle MTs do not have the long lengths or lifetimes of the CMTC microtubules. Because MTs undergo dynamic instability, it is likely that changes in the durations of growth or shortening are responsible for this anomaly. We have used a Monte Carlo computer simulation to examine how changes in the number of MTs and changes in the catastrophe and rescue frequencies of dynamic instability may be responsible for the cell cycle dependent changes in MT characteristics. We used the computer simulations to model interphase-like or mitotic-like MT populations on the basis of the dynamic instability parameters available from newt lung epithelial cells in vivo. We started with parameters that produced MT populations similar to the interphase newt lung cell CMTC. In the simulation, increasing the number of MTs and either increasing the frequency of catastrophe or decreasing the frequency of rescue reproduced the changes in MT dynamics measured in vivo between interphase and mitosis.
INTRODUCTION
There are major differences between microtubule (MT)' lengths ( Figure 1 ) and assembly dynamics (Table 1) between the interphase cytoplasmic MT complex (CMTC) and the mitotic spindle. There are fewer MTs in the CMTC (Snyder and McIntosh, 1975; Kuriyama and Borisy, 1981) . MTs exhibit slower growth velocities in the CMTC yet achieve much longer average lengths than in mitosis (Rieder, 1977; Kitanishi-Yumura and Fukui, 1987; Cassimeris et al., 1988; Hayden et al., 1990; Aist and Bayles, 1991) . The distribution of MT lengths is gausian-like or bell shaped within the CMTC but is a decreasing exponential in the mitotic spindle Kitanishi-Yumura and Fukui, 1987; Aist and Bayles, 1991) . Turnover rates of tubulin in the ' Abbreviations used: CMTC, cytoplasmic microtubule complex; FRAP, fluorescence recovery after photobleaching; M-phase, mitosis or meiosis; MT, microtubule; NLC, newt lung epithelial cell.
CMTC depend on the distance from the nucleation site (Sammak et al., 1987) but are independent of distance in spindles (Stemple et al., 1988) . Finally, MT turnover in the CMTC is two to three orders of magnitude slower than for the dynamic MTs of the mitotic spindle (Wadsworth and Salmon, 1986a; Cassimeris et al., 1988; Joshi et al., 1992) .
Changes in MT dynamic instability are thought to be responsible for differences in MT assembly in the interphase CMTC and the mitotic spindle. In both the CMTC and mitotic spindle, MTs are polarized polymers oriented with their "plus" (fast-growing) ends distal from nucleation sites at the centrosomes or spindle poles. MT growth and shortening predominantly occurs at the distal plus ends, although there is some evidence for a steady slow disassembly at the minus ends proximal to the centrosomes (Mitchison, 1989; Sawin and Mitchison, 1991; Mitchison and Salmon, 1992) . The great majority of plus ends in the CMTC and the mitotic spindle exhibit dynamic instability, abruptly and stochastically, switching between distinctly different persistent constant velocity phases of elongation (growth) C) 1993 by The American Society for Cell Biology Figure 1 . Immunofluorescent micrographs of a newt lung cell interphase CMTC (A) and a mitotic spindle (B) . The CMTC has a few hundred MTs of extremely long lengths (A), whereas the spindle contains about 2000 MTs of much shorter length (B). Bar, 10 um. and shortening (shrinking) (Salmon, 1989) . Kinetochore MTs, which are a minor fraction of spindle MTs, are differentially stable, but their plus ends at the kinetochores also exhibit dynamic instability (Skibbens et al., 1993) .
Dynamic instability is an assembly property of free MT ends exhibited both in vivo and in vitro (Mitchison and Kirschner, 1984; Horio and Hotani, 1986; Sammak and Borisy, 1988 ; Schulze and Kirschner, 1988; Walker et al., 1988 (Cassimeris et al., 1988; Walker et al., 1988; Belmont et al., 1990; Gliksman et al., 1992) . Elongation occurs by the association of tubulin with bound GTP (tubulin-GTP) onto an end in the elongation state. Catastrophe is thought to occur when a growing MT end looses a stabilizing cap of tubulin-GTP subunits. This allows the core of tubulin-GDP subunits to rapidly dissociate producing shortening. Rescue is thought to occur when the end becomes recapped with tubulin-GTP subunits (Mitchison and Kirschner, 1984; Kirschner and Mitchison, 1986; Walker et al., 1988 Walker et al., , 1991 Bayley et al., 1990; O'Brien et al., 1990; Caplow, 1992) .
The dynamic instability parameters of CMTC MTs could be altered kinetically in at least four ways to produce the shorter more dynamic MTs of the mitotic spindle: the velocity during elongation could decrease, the velocity during shortening could increase, the duration of elongation could decrease because of a higher frequency of catastrophe, or the duration of shortening could increase because of a lower frequency of rescue. Of these four possibilities, there is direct evidence that the first two do not occur in vivo. Interphase and mitotic MT elongation and shortening velocities have been measured in newt lung epithelial cells (NLC) ( Table 1) . The elongation velocity was found to be faster during mitosis than during interphase, and no change in shortening velocity was seen (Cassimeris et al., 1988; Hayden et al., 1990; Spurck et al., 1990) . In contrast, there is evidence that both of the last possibilities, increased catastrophe frequency and decreased rescue frequency, contribute to the conversion of CMTC to mitotic MT assembly (Table 1) (Belmont et al., 1990; Gliksman et al., 1992; Verde et al., 1992) . At entry to mitosis, activation of the mitotic-promoting factor (MPF or cdc2-cyclin kinase) promotes a phosphorylation cascade inducing mitotic spindle formation. Studies of MT assembly in cytoplasmic extracts have demonstrated that promotion of phosphorylation either by activating MPF or blocking phosphatase activity with okadaic acid induces conversion from interphase-like to mitoticlike MT assembly without major change in either elongation or shortening velocities; these changes were brought about by increased catastrophe or de-creased rescue frequencies (Belmont et al., 1990; Gliksman et al., 1992; Verde et al., 1992) .
In tissue cells, because of their small volume, changes in nucleation may also play a significant role in remolding the assembly dynamics of MTs between interphase and mitosis. In preparation for mitosis, centrosomes in animal cells are replicated to provide the bipolarity of the mitotic spindle. In addition, the mitotic phosphorylation of centrosomal proteins increases the nucleation potential of each centrosome (Snyder -and McIntosh, 1975; Kuriyama and Borisy, 1981; Buendia et al., 1992) . As Mitchison and Kirschner (1987) have discussed, increasing nucleation within a finite volume of tubulin subunits will increase the amount of polymerization, decreasing the unpolymerized tubulin concentration and slowing MT elongation velocity. Thus, increasing nucleation could indirectly contribute to the shorter MT lengths achieved but could not by itself account for the observed increase in elongation velocities in mitosis.
Computer simulations, based upon Monte Carlo methods of modeling stochastic processes, provide a powerful way of analyzing complex processes like the assembly dynamics of a population of MTs exhibiting dynamic instability within a cell. The transition frequencies of dynamic instability are stochastic, which limits the feasibility of analytical approaches to predict the assembly properties of MT populations or individual MTs within the population (Hill, 1987; Mitchison and Kirschner, 1987; Verde et al., 1992) . We based our computer simulations on the parameters of MT dynamic instability available for interphase and mitotic newt lung cells (Figure 1 ). This cell type currently has the highest number of measured parameters for MT dynamic instability for both the interphase CMTC and the mitotic spindle (Table 1) . The simulations were mainly directed at testing how changes in MT assembly are controlled between interphase and mitosis by changes in nucleation and the frequencies of catastrophe and rescue. Nevertheless, the program could also be easily modified to model how MT dynamics change during other types of cell activities.
MATERIALS AND METHODS Immunofluorescence
Oregon newts (Taricha granulosa) were obtained from Charles Sullivan (Nashville, TN). Newt lung cultures were prepared and processed for indirect immunofluorescence as described by Rieder et al. (1986) and Cassimeris et al. (1988) . Micrographs were obtained using a Nikon Optiphot (Garden City, NY) equipped a 60X, 1.4NA PlanApo objective and epi-illuminated with a 100 W mercury bulb. Images were recorded using TMax 100 film (Kodak, Rochester, NY).
General Features of the Simulation Program
We used a Monte Carlo technique to simulate the dynamic instability of individual MT ends as originally described by Gliksman et al. (1987) and Bayley et al. (1989) . The program simulated a population of <4000 MTs within a defined cell volume that grew and shortened only at their plus ends following nucleation. The program was written in Turbo Pascal (Version 5.0 Borland International, Scotts Valley, CA) and runs on PC computers. The program is available upon request.
The program specifically assumed that all MT plus ends had identical parameters of dynamic instability and were in one of the following states: elongation, shortening, or no polymer (an empty nucleation site and no MT) (Figure 2 ). MTs switched between states via one of the following transitions: nucleation (no polymer to elongation), catastrophe (elongation to shortening), or rescue (shortening to elongation). MTs that shortened to zero length automatically switched to the no polymer state.
Several assembly parameters were entered into the program and held constant for each simulation situation. These parameters included: the cell volume, the cellular tubulin concentration, the rate constants of elongation and shortening, the number of nucleation sites, and the frequencies of nucleation, catastrophe, and rescue. Although most of these parameters could be made dependent on tubulin concentration, for this paper we simplified the simulations by making only elongation velocity concentration dependent (see DISCUSSION).
To save time, most of the simulated MT populations were initiated from the no polymer state. When assembly reached steady state, the simulation was continued, and the computer monitored the mean MT length, the MT elongation velocity, the distribution of MT lengths, the amount of polymerized and unpolymerized tubulin, the growth dynamics of individual ends, the turnover rates of tubulin at positions along the lengths of MTs, and the turnover rates of whole MTs.
The rates of steady-state tubulin turnover at various positions from the nucleation sites were measured by marking microtubules at these sites. The computer then monitored return of unmarked subunits to the sites. This method is analogous to the fluorescence redistribution after photobleaching or photoactivation experiments performed previously in living cells Salmon et al., 1984; Wadsworth and Salmon, 1986b; Stemple et al., 1988; Mitchison, 1989; Sawin and Mitchison, 1991; Mitchison and Salmon, 1992) . The percentage of tubulin tumover within the microtubules at each position was calculated from the ratio of unmarked MTs at that position divided by the number of MTs initially marked at that position. A MT was counted as an unmarked MT only after it both shortened through the mark site loosing its labeled subunits then later elongated back through the mark site with unlabeled subunits. The rate of whole MT turnover under steady-state assembly conditions was calculated in the following way. After the MT population reached steady state, the nucleation frequency was set to 0 s-1, and the elongation velocity was made constant at the steady-state value, independent of the unpolymerized tubulin concentration. The simulation was then continued, and the number of MT nucleation sites in the no polymer state and the total amount of polymer was monitored. This method allowed us to simultaneously measure steadystate turnover of polymer as well as the turnover of whole MTs. The half-time of MT turnover corresponded to the amount of time (number of cycles) required for at least half of the MTs to reach the no polymer state.
Simulation of Newt Cell MT Assembly
A major goal of our simulations was to model MT assembly dynamics in the cell where the total amount of tubulin is limited by the cell volume and cellular tubulin concentration. The newt cells have a cytoplasmic volume of about 8 pL, on the basis of their diameter when they round-up with trypsin treatment (Rieder, personal communication) . There has been no direct measurement of the cellular tubulin concentration in newt cells, but other cell types have been shown to have concentrations of 20-30,uM (Pfeffer et al., 1976; Hiller and Weber, 1978) . For our simulations, we obtained an estimate of the newt cellular tubulin concentration in the following way. The interphase CMTC ( Figure 1A and Table 1 ) contains about 500 MTs with an average length of -100 ,um (Rieder and Cassimeris, personal communications) . The polymerized tubulin in 500 MTs of 100 gm average length is equivalent to 17 gM concentration in a volume of 8 pL. We assumed, on the basis of measurements in other types of dividing cells (Pipeleers et al., 1977a,b; Hiller and Weber, 1978; Olmsted, 1981) , that the amount of polymerized tubulin in interphase was two-thirds of the total amount of tubulin in the cell. This assumption yielded a value of 25.4 MM for the newt cellular tubulin concentration. This value was kept constant during our simulations. The concentration of unpolymerized tubulin was calculated by subtracting the concentration of polymerized tubulin from 25.4 MM.
We set the tubulin association rate constant during the elongation state (Walker et al., 1988) (Walker et al., 1988) was zero (Mitchison and Kirschner, 1984; Dreschel et al., 1992; Simon et al., 1992) .
In all of our simulations, the shortening rate was set constant to 17 Mm/min, the measured value in newts during both interphase and mitosis (Table 1) . Tubulin dissociation in the shortening state is known to be independent of tubulin concentration (Walker et al., 1988 (Walker et al., , 1991 . The other parameter that was normally constant in our simulations was the probability or frequency of nucleation. Unless otherwise stated, this parameter was set to 1 so that instantaneous nucleation occurred in the next 1-s cycle when a MT was in the no polymer state. We assumed that nucleation was instantaneous because of the nearly instantaneous MT nucleation observed in cytoplasmic extracts (Gliksman et al., 1992) .
RESULTS
Simulation of CMTC MT Assembly To achieve steady-state assembly, we had to modify slightly one of the dynamic instability parameters measured for the newt interphase CMTC (Table 1 ). The measured values predicted that an average distance of elongation before catastrophe of 8.5 ,um (7.2 u.m/min X 1.18 min duration) and an average distance of shortening before rescue of 6.3,um (17 7,m/min X 0.37 min).
At steady-state assembly, the difference between these two values should be zero, but instead the difference predicted net growth (0.9 ,um/min). We achieved zero net elongation by slightly increasing the catastrophe frequency from the measured value of .014 s-1 (Table  1) to 0.019 s-5. We assumed that the velocities of elongation and shortening were the more accurate measurements. Though we chose to adjust the catastrophe frequency, we could have also achieved zero net elongation by reducing slightly the rescue frequency from the measured value of 0.044 s-5 (Table 1) to 0.033 s-1.
The simulation program produced MT populations with steady-state assembly dynamics typical of the interphase CMTC (Figures 3 and 4 and Table 2 ) using 0.019 s-5 for the catastrophe frequency plus the other measured or estimated parameters in Table 1 for the number of MT nucleation sites, the shortening rate and the rescue frequency ( Table 2 ). The mean length of the nucleated MT population was 100 ,um, and the MT length distributions were gausian or bell shaped as exhibited by the CMTC in vivo Kitanishi-Yumura and Fukui, 1987; Aist and Bayles, 1991) . At steady state, two-thirds of the cellular tubulin concentration was polymerized into MTs (17 ,uM) and growth velocity was equal to the measured value of 7.2 ,.m/min ( Figure 3 , Table 2 ).
Individual MT ends frequently switched to shortening but achieved long lengths because of frequent rescue ( Figure 4B ). As reported by Sammak et al. (1987) , in vivo, tubulin turnover within CMTC MTs was dependent on the distance from the nucleating site. Turnover was much slower at positions closer to the nucleation sites ( Figure 4C ). The average half-time for whole MT Molecular Biology of the Cell (Joshi et al., 1992) . We conclude that with slight adjustment of the value for catastrophe frequency, the other measured parameters for dynamic instability in vivo predict remarkably well in our simulation the bulk assembly properties of the CMTC (Figure 3 and Tables 1 and 2 in the mitotic bipolar spindle (Table 1 ). Figure 5 shows that for the 2000 nucleation sites expected in mitosis, the MT length distribution converted from the interphase bell-shape distribution of long MTs, to an exponentially decreasing distribution of short MTs more typical of mitotic cells. Tubulin turnover in the shorter MTs did not depend significantly on distance from the nucleation center as occurred in the long interphase MTs, although the catastrophe and rescue frequencies were still the at interphase values ( Figure 5C ). Nevertheless, increasing only the number of nucleation sites did not achieve all aspects expected for mitotic MT assembly. The half-time of whole MT turnover (12 min) was ten times longer than expected for mitotic MTs (1.3 min) (Table 1 and Figure 3) . Also, the mean MT length (27 ,um) was larger than expected for mitotic MTs (14 ,Am), and the growth velocity (6 ,um/min), in particular, was much slower than the 14 ,lm/min velocities measured for spindle MTs ( Tables 1 and 2 ). The mean MT length was 12.5 gim.
The elongation velocity was about 14.5 ,tm/min. The half-life of MT turnover was 1.9 min and tubulin turnover within MTs was independent of the distance from the nucleation sites. MT turnover was still not quite as fast or as complete as expected for spindle MTs (1.1 min); however, changing only the two variables in the simulation (increasing the catastrophe frequency threefold and the number of nucleation sites fourfold) produced changes in all other aspects of MT assembly typical of the transition between interphase and mitosis. (Table 1 ). The eight gray columns represent the eight different sets of nucleation and dynamic instability parameters used for simulations.
The interphase model corresponds to the interphase parameters in Table 2 ; 500 MTs were assembled with a catastrophe frequency of 0.019 s-5 and a rescue frequency of 0.044 s-'. The next three columns correspond to models in which the catastrophe and rescue frequencies were held at their interphase values while the number of MT sites was increased to 1000, 2000, and 4000 MTs, respectively. The next two columns correspond to models in which the rescue frequency was held at its interphase value while the catastrophe frequency was increased from 0.019 to 0.056 s-' with either 500 or 2000 MT sites,
respectively. The last two columns correspond to models in which the catastrophe frequency was held at its interphase value while the rescue frequency was decreased from 0.044 to 0.000 s-5 with either 500 or 2000 sites used, respectively. Each gray bar is the mean of at least four simulated MT populations, and error bars represent SD. Individual half-times of whole MT turnover are listed for each model. The cell volume, the MT shortening velocity, the total concentration of tubulin, and the tubulin association rate and tubulin dissociation rate during elongation were all held constant at the values listed in turnover substantially shortened from 180 min to 1 namics (Table 1) . The half-life of MT turnover was min (Figure 3) . These results show that making rescue nearly identical to the value measured in the mitotic zero, like increasing the catastrophe frequency threespindle ( Figure 3 and Table 1 ); however, the elonfold, produces the major features of mitotic MT dygation velocities were higher and the percentage of Number of microtubules 500 2 000 2 000 2 000
Catastrophy frequency (s-1) Changes in Catastrophe Versus Rescue Needed to Achieve Mitotic Assembly We also examined the cooperative effects of changing both catastrophe and rescue frequencies, because it is possible that catastrophe increases and rescue decreases upon entry into mitosis (Cassimeris et al., 1988; Belmont et al., 1990; Gliksman et al., 1992; Verde et al., 1992) . We increased the number of MT nucleation sites to 2000 in the interphase model, then determined the combination of values for the frequencies of catastrophe and rescue that produced a steady-state average MT length between 12 and 13 ,m, the value typical of NLC mitotic
MTs. The results from these simulations showed that there was a linear relationship between the changes in catastrophe and rescue frequencies required to achieve the short MTs of the mitotic spindle as shown in Figure 8 .
Kinetics of Conversion Between Interphase and Mitotic Assembly
The last of our experiments examined the time course of the conversion from the interphase CMTC into the mitotic spindle and the reverse, the conversion from the mitotic spindle into the interphase CMTC. MTs were assembled to steady state using the interphase model (Figure 4) . Abruptly, the number of MT nucleation sites was increased (from 500 to 2000) and the catastrophe frequency was increased about threefold (from 0.019 to 0.056 s-1) or the rescue frequency was decreased to zero. In either case, the average length of the original 500 MTs decreased progressively until a steady state was reached ( Figure 9A ). The decrease in average length occurred with a half-time of -10 min when catastrophe was increased and 4 min when rescue was reduced to zero. At the new steady-state assembly the average length of the original 500 MTs was equal to the average length of the entire mitotic MT population. When the simulation parameters were abruptly returned to the original interphase values, the average length of the original 500 MTs increased exponentially back to 100 um ( Figure 9B ). The half-life of length recovery was 7 min for either of the mitotic models. (Figure 4 ), the number of MT sites was increased from 500 to 2000 MTs without changing the rest of the parameters (see Table 2 ). Data in A-D were obtained as described in Figure 4 . (Figure 4 ), the catastrophe frequency was increased from 0.019 to 0.056 s-', and the number of MT sites was increased from 500 to 2000 MTs without changing the rest of the parameters (see Table 2 ). Data in A-D were obtained as described in (Figure 4) , the rescue frequency was decreased from 0.044 to 0.000 s-1, and the number of MT sites was increased from 500 to 2000 MTs without changing the rest of the parameters (see Table 2 ). Data in A-D were obtained as described in Figure 4 . thirds of the cellular tubulin was on average in polymer and one-third in monomer. We chose a value >50% because we also assumed that the doubling of the MT elongation velocity during mitosis was due to a doubling of the concentration of unpolymerized tubulin rather than an increase in the tubulin association rate during elongation. If <50% of the tubulin was polymerized in the CMTC, the increase in the MT elongation velocity during mitosis would have to involve a more complex mechanism. The above reasoning yielded a value for the tubulin association rate constant in the elongation (Walker et al., 1988; Simon et al., 1992) and in vivo (Sammak and Borisy, 1988; Shelden and Wadsworth, 1993) but was rare in interphase newt cells (Cassimeris et al., 1988) and in interphase sea urchin egg cytoplasmic extracts (Gliksman et al., 1992) . Our simulation also neglected MT annealing (Rothwell et al., 1986) , MT severing (Vale, 1991) , nonnucleated MT self-assembly, and any minus-end polymerization or depolymerization (Mitchison, 1989; Sawin and Mitchison, 1991; Mitchison and Salmon, 1992) at the nucleation sites. Given our current state of knowledge about MT assembly in the cell, nucleation, and plus-end dynamic instability appear to be the dominate factors in regulating changes in MT assembly in the cell cycle. If future evidence shows that one of these other assembly states is of interest, it should be fairly easy to modify our computer model to include it in the simulation.
To set up the interphase simulation model, we assumed that assembly was steady state and that two- Figure 9 . The time course of the conversion from the interphase CMTC into the mitotic spindle and back to the interphase CMTC. (A) MTs were assembled to steady state using the interphase model parameters shown in Table 2 . At time 0, the simulation parameters were changed to those of the catastrophe model (0) or the rescue model (A) for mitotic MT assembly (see Table 2 ). The average MT lengths are those of the original 500 MT nucleation sites and represent the average of three experiments. (B) MTs were assembled to steady state using the catastrophe model (0) or the rescue model (A) for mitotic MT assembly (see Table 2 ), and at time 0, the simulation parameters were changed to those of the interphase model. The average MT lengths are those of 500 MTs assembled from the catastrophe model (0) or the rescue model (A) and represent the average of three experiments. state of 2.3 X 107 M-'s-1 to produce 7.2 ,um/min growth velocity from 8.1 ,tM unpolymerized tubulin. This association rate constant is similar to the value estimated for MT growth in sea urchin egg cytoplasmic extracts (Simon et al., 1992) .
The frequency of nucleation, catastrophe and rescue were treated as independent variables that were held constant despite changes in the unpolymerized tubulin concentration for either the interphase or mitotic simulations. These transitions frequencies have been shown to depend on the concentration of unpolymerized tubulin for the assembly of pure tubulin in vitro. (Walker et al., 1988 (Walker et al., , 1991 O'Brien et al., 1990; Voter et al., 1991; Simon et al., 1992) . Increasing the concentration of unpolymerized tubulin has been shown to promote nucleation, suppress catastrophe, and may enhance rescue (Walker et al., 1988 (Walker et al., , 1991 O'Brien et al., 1990; Voter et al., 1991; Simon et al., 1992) . The unpolymerized tubulin concentrations in our mitotic simulations were about double that of the interphase simulations accounting for the doubling of the elongation velocity. On the basis of the in vitro studies, this increase in unpolymerized tubulin concentration would be expected to enhance mechanisms that promote nucleation but antagonize the mechanisms that promote catastrophe and decrease rescue.
One other assumption of our simulations was that the dynamic instability parameters and the tubulin concentration did not depend on position within the cell volume nor on distance from the nucleation center. These assumptions seem to be a reasonable first approximation given our current state of knowledge about conditions in the cell. And indeed, the interphase and mitotic simulations predicted the major features ex Figure 4B ) rarely shortened all the way back to the nucleation site in comparison to the short dynamic mitotic MTs (Figures 6B and 7B) . Compare, for example, the very slow rate (3.5-h half-life) of whole MT turnover for the CMTC in Figure 4D to the fast rates (60-70 s) for the mitotic simulations in Figures 6D and 7D . If all MT renucleation was blocked, the half-life of MT loss in the CMTC would be on the order of hours, but the half-life of MT loss during mitosis would be on the order of minutes. Recently, Joshi et al. (1992) have reported that antibodies to gamma-tubulin bind to centrosomes and block MT nucleation. When microinjected into tissue cells, these antibodies were reported to have little noticeable effect on the assembly of the interphase CMTC for .2 h after injection. In controls, they produced disassembly of the mitotic spindle within 15 min. The difference in the response of the CMTC and spindle is exactly the difference predicted by our simulations.
Why the MT Elongation Velocity Increases Twofold in Mitotic NLCs, but not in Cytoplasmic Extracts
The addition of cyclins to Xenopus interphase egg extracts or okadaic acid to interphase sea urchin egg extracts has been used to create mitotic-like MT populations in vitro (Belmont et al., 1990; Verde et al., 1990 Verde et al., , 1992 Gliksman et al., 1992) by increasing the catastrophe frequency or decreasing the rescue frequency. These treatments increased MT elongation velocities by only 10-40% in the extract systems (Belmont et al., 1990; Gliksman et al., 1992; Verde et al., 1992) . In contrast, in our cellular simulation, similar increases in catastrophe and or decreases in rescue frequencies doubled the MT elongation velocity. A major difference between the assembly conditions used for the cytoplasmic extract experiments and for our cellular simulations is the concentration of nucleation sites relative to the total tubulin concentration. In the extract experiments, the ratio of nucleation sites relative to the total tubulin concentration was very low in comparison to the ratio in our cellular simulations. In the extracts, the interphase dynamic instability parameters were measured before MT Figure 9A show that the rate of conversion from interphase to mitotic assembly is three to four times faster for the rescue model in comparison to the catastrophe model. Conversion is complete within 10 min for the rescue model, whereas it takes 40 min to achieve mitotic MT lengths with the catastrophe model. Thus, decreasing rescue more rapidly leads to shorter MTs in comparison with increased catastrophe.
In dividing tissue culture cells, most of the interphase MTs have disappeared within 10-15 min after entry into mitosis at nuclear envelope breakdown (Vandre and Borisy, 1985 (Vale, 1991) .
The data in Figure 9B show that it takes -20 min to convert to interphase MT Several mathematical models have been used to predict the bulk assembly properties of populations of MTs undergoing dynamic instability (Hill, 1987; Mitchison and Kirschner, 1987; Bayley et al., 1989; Verde et al., 1992) . The results of computer simulations described in this paper fit most of predictions of the previous models and made fewer assumptions about microtubule dynamics. Mitchison and Kirschner (1987) assumed that MT shortening was instantaneous and that rescue transitions did not occur (i.e., the rescue frequency was 0.0 s-1).
Given these assumptions, they found that increased numbers of MT nucleation sites, as occurs during mitosis, should decrease MT lengths, increase the total amount of MT polymer, and decrease MT lifetimes. The results of our simulations shown in Figure 3 fit this prediction despite the presence of rescue and noninstantaneous MT shortening in the model. Nonetheless, MT elongation velocity increases during mitosis, and their model does not predict this result. Either the catastrophe frequency must increase or the rescue frequency must decrease to achieve the fast MT elongation velocity typical of mitosis. Both Hill (1987) and Verde et al. (1992) derived formulas to predict the mean lengths of "bounded" MT populations. By their definitions, a bounded MT population exhibits steady-state assembly when the rate of polymerization equals the rate of depolymerization for the population; an "unbounded" MT population exhibits net polymerization. In addition, a MT population would be considered bounded if the average length of elongation predicted by elongation velocity and catastrophe frequency was less than the average length of shortening predicted by the shortening velocity and rescue frequency.
For the bounded situation, Hill (1987) and Verde et al. (1992) Kitanishi-Yumura and Fukui, 1987; Aist and Bayles, 1991) , the steadystate length distribution was bell-or Gaussian-shaped (Figure 4 ), the distribution they predict for the unbounded state.
In contrast, Equation 1 does predict accurately (within 10%) the average steady state MT lengths and the exponentially decreasing length distributions exhibited by our mitotic simulations (Figures 6 and 7) . Unlike the interphase model where the dynamic instability parameters predict net elongation equal to net shortening, the mitotic models predicted that net elongation would be much less than net shortening if MTs were infinitely long and did not disappear by depolymerization to the Figure 8 for mitotic-like bounded conditions.
The computer simulation model demonstrated that the measured interphase dynamic instability parameters, adjusted slightly to give a steady-state situation, reproduced MT populations with many of the characteristics of the CMTC. In vivo, phosphorylation of the centrosome at mitosis increases the number of MTs in the cell; the simulation model has demonstrated that the increased number of MTs promotes a decrease in MT lengths and an increase in MT turnover but does not account for the increase in MT elongation velocity (Figures 3 and 5 ). Thus our model predicts that there must be changes in the transition frequencies. Increasing the frequency of catastrophe and decreasing the frequency of rescue both generated similar MT populations with many of the characteristics of the spindle (Figures  3, 6 , and 7). Changes in either parameter altered MT lengths, MT elongation velocities, and MT turnover. There were, however, subtle numerical differences between the catastrophe and rescue models. Since direct analysis of single MT dynamics is extremely difficult in the mitotic spindle, future investigations may be able to use the subtle numerical differences between these different models to investigate the CMTC to spindle conversion in other cell types.
